T he objective of this study was to determine whether students within a large (100 -160 students) didactic lecture-based course, "Elementary Physiology" (EP), who were given an active-learning opportunity would perform better on objective examinations over EP material compared with their classroom peers who did not have the same active-learning experience. This was achieved by offering the EP students the option of taking a supplemental one credit hour discussion-based course, "Case Studies in Physiology" (CSP). Approximately 14% of the EP students opted for the CSP course. The format of CSP consisted of a one-hour-per-week discussion of applied problems based on the factual information presented in EP. On a subjective scale of 1 to 4, the CSP students felt that the course helped them to understand the EP material (3.5). This was reflected in the EP examination results for which the CSP students scored significantly higher compared with their non-CSP peers (81.1% vs. 75.7%; P Ͻ 0.05). These results indicate that when active-learning methods, such as discussion of applied problems, are used as a supplement to didactic lectures in physiology, performance on objective examinations of lecture material is improved. ADV PHYSIOL EDUC 24: 56 -61, 2000. Key words: active learning; case studies; elementary physiology Educators have shown that learning a scientific discipline, such as physiology, is facilitated when students are actively engaged with the material to be learned (3, 11, 12, 15) and in the process of building their own mental models of the information and concepts being taught (14) . However, at present, most elementary physiology courses consist primarily, if not exclusively, of factual information presented by way of didactic lectures usually to large classes (17) with little or no opportunity for students to actively engage the material.
Educators have shown that learning a scientific discipline, such as physiology, is facilitated when students are actively engaged with the material to be learned (3, 11, 12, 15) and in the process of building their own mental models of the information and concepts being taught (14) . However, at present, most elementary physiology courses consist primarily, if not exclusively, of factual information presented by way of didactic lectures usually to large classes (17) with little or no opportunity for students to actively engage the material.
To foster student engagement with course material, a variety of in-class (2, 4, 5, 13, 18, 21) and out-of-class (7, 16) teaching methods and procedures have been devised to enhance active learning in the large class setting. Although subjective evaluation of these methods by students has generally been quite positive, there is a paucity of objective data as to whether or not they improve classroom performance (e.g., test scores). Furthermore, in some studies that have evaluated active learning in terms of classroom performance, methods of teaching and methods of performance evaluation were not always matched. For example, in some cases, a similar evaluation instrument, an objective examination, was used to compare students taught by different methods, problem-based learning and didactic lectures, (1, 8) , whereas in others, such as our previous study (16) , different evaluation procedures, objective examinations and essays, were used to compare students taught by the same method, the didactic lecture.
E D U C A T I O N A L E X P E R I M E N T S
To address this issue, the purpose of the present study was to compare students given active-learning opportunities with other students in an elementary physiology course designed such that the methods of information delivery (didactic lectures) and the methods of grading students on that information (objective examinations) were the same for both groups. This was achieved by exposing a group of students within a didactic lecture-based elementary physiology course to active-learning experiences outside the lecture setting. These students and their classmates that did not have an active-learning experience attended the same didactic lectures and were evaluated by the same multiple-choice examinations.
METHODS
Educational setting. The educational setting for this study was a one-semester, three-credit-hour didactic lecture-based course titled "Elementary Physiology" (EP). This is an undergraduate introductory survey course in basic human physiology, the prerequisite for which is one semester of college biology. Further characteristics of the EP course are described elsewhere (16) .
The present study spanned two semesters, Fall of 1998 and Spring of 1999. During this time frame, 24% of the EP students were physical education majors, 24% were in a pre-healthcare professions tract, 15% were in the baccalaureate nursing program, and 12% were in a variety of other undergraduate programs. The remaining 25% of the EP students were undeclared as to a major.
During the period of this study, one of us (B. Birge) instructed the EP course in a didactic lecture format. The primary method of performance evaluation for course grades in EP was a series of objective multiplechoice examinations totaling 115 points. In addition, students had the option of earning up to 10 extracredit points through out-of-class assignments that were designed, administered, and evaluated by the EP instructor (B. Birge). As an example, several of the extra-credit assignments consisted of having the students read a particular chapter in the course text that was on a topic not covered in lecture (e.g., the immune system) and then write up and submit their answers to selected study questions at the end of the chapter. The extra-credit assignments were novel to all students in that they were on topics not covered in either the EP lectures or in the supplemental activelearning experience, described in the following paragraph.
The other author (D. Richardson) instructed a concurrent one-credit supplementary course titled "Case Studies in Physiology" (CSP). This is a nonrequired course that provides an opportunity for the EP students to enhance their learning of physiology by discussing applied problems related to topics being presented in the EP course. During the first class period of EP, students were given information on the nature of the supplemental course (CSP). It was emphasized that CSP is optional and that the course is designed to help students to grasp the material presented in the main course (EP). However, it was stressed that taking or not taking CSP would have no influence on a student's grade in EP. Students interested in the CSP course were able to add it to their schedules during the first week of the semester.
Enrollments in EP for the Fall '98 and Spring '99 semesters were, respectively, 100 and 160 students. Corresponding enrollments in CSP were 14 and 22 students (i.e., ϳ14% of the EP population). Because the key element of the CSP course was class participation, the Spring '99 class of 22 students was divided into 2 sections of 11 students each, with the same instructor (D. Richardson) for both sections.
The format of CSP consisted of a one-hour-per-week discussion of applied problems in physiology using the guidelines of Davis (6) for conducting discussion groups. The problems were either specific clinical cases or general applications of lecture material. The clinical cases were obtained from a case-studies text (19) that the students purchased. The applied problems, a sample of which is given in Table 1 
that those discussed on a given week corresponded to topics presented in the EP course the preceding week.
Evaluation. The effectiveness of CSP on student learning in EP was evaluated both objectively and subjectively.
Objective evaluation consisted of comparing examination scores in EP between the CSP and non-CSP students. For this purpose, the students were divided into groups in accordance to those who did and those who did not elect to do the extra-credit assignments in the EP course. The following matrix gives the number of students in each of these groups The reasons we divided the students in accordance to participation in the extra-credit assignments were: 1) doing these assignments may be beneficial in the objective exams, notwithstanding the selection of topics outside those covered in the EP lectures; and 2) there may be motivational differences between students who do and those who do not elect the extracredit option.
Subjective evaluation consisted of a questionnaire administered to the CSP students at the end of the semester. This document asked the students to give numerical ratings to a series of questions concerning the CSP course and its impact on EP. In addition to the questions, students were encouraged to provide their own written comments.
Data analysis. Because, as shown above, only three of the CSP students did not elect the extra-credit option in EP, this group was not included in the data analysis. Accordingly, objective analysis consisted of performing a one-way ANOVA on examination scores in EP of the following three groups: 1) CSP students with extra credit; 2) other EP students with extra credit; and 3) other EP students without extra credit. Post hoc comparisons were used to test for significant differences between group means at the P Ͻ 0.05 level of probability.
Subjective analysis consisted of obtaining average ratings for each item in the student evaluation document for CSP. No additional statistical procedures were performed on these data.
RESULTS
Objective. Table 2 presents average examination scores in EP for the three groups of students analyzed. Scores of the CSP group (row 1) were significantly higher compared with the non-CSP students who did (row 2) or did not (row 3) elect the extra-credit option in EP. The non-CSP students who elected extra credit scored ϳ3.5% higher compared with students who did not do the extra credit, but the difference was not significant. Table 3 gives the results of the student evaluation of CSP. The first three items relate CSP to the main course, EP, whereas items four and five Data presented as group means Ϯ SE. Significant group differences by 1-way ANOVA (P Ͻ 0.05) for "Case Studies in Physiology" (CSP) with "Elementary Physiology" (EP) extra credit (CSP w/ec) vs. other students with EP extra credit (other w/ec) and CSP w/ec vs. other students without EP extra credit (other wo/ec). *, Extra-credit points not included in the examination data.
Subjective.

TABLE 1 Sample applicational problems used in Case Studies in Physiology
Predict the effect of inhibiting the enzyme Na/K ATPase on the secondary active transport of a substance, such as glucose. Even the slightest degree of pulmonary edema can reduce the transport of oxygen from the alveoli into blood and carbon dioxide from blood into alveoli. Explain why. Administration of neostigmine (an anticholinesterase agent) can help to restore muscle function in a patient with myasthenia gravis. Explain why. A bothersome side effect of medications that block beta adrenergic receptors is reduced exercise tolerance. That is, patients on beta blockers easily get fatigued. Explain why.
relate the CSP course to the students' general interest in the healthcare profession. The average rating for these first five items ranged between 3.0 (agree) and 4.0 (strongly agree).
The last item in Table 3 gives an overall course rating and indicates that the students thought highly of the CSP course. This was supported by the observation that 26 of the 36 CSP students (72%) submitted written evaluations, and all but three of these contained positive comments. For example, the words "very helpful" appeared in at least 10 of the evaluations and "helped" or "helpful" in another four. Other positive comments such as ". . . instrumental to my understanding . . . ," ". . . helped to apply learning (of physiology) to real-life situations . . . ," and ". . . the course gave me the atmosphere I needed to succeed . . ." were also included. A few students submitted criticisms such as ". . . the workload was a little much for a 1-h course . . . ," ". . . consider making this class pass/fail or lighten the grading . . . ," and ". . . toward the end of the semester, the problem sets required more in-depth knowledge than was covered in the lecture class (EP) . . ." This latter comment, although submitted by only one student, is consistent with the observation that the CSP class, as a whole, gave its lowest rating to the evaluation item dealing with the correlation between the CSP problems and material presented in EP (Table 3 , item 3). Nonetheless, the average rating on this item was 3.3 out of a possible 4.0. This means that, as a class, the students agreed that the discussion problems in CSP correlated with EP material, but they did not strongly agree on this point. We do not know why some students may have felt that the CSP problems did not correlate with EP material, but we suspect that it is because these students had very little, if any, prior experience with courses focused on applied problems. Regardless of reason, the relatively low rating of this item suggests that instructors should take care to point out connections between applied problems and lecture material, because these connections may not always be obvious to students.
DISCUSSION
Educational methods that provide students with the opportunity to become actively engaged with the material to be learned have become well-established alternatives, as well as adjuncts, to the classic didactic lecture at all levels of education. The one aspect that the various active-learning methods have in common is that they are highly valued by participating students (1, 2, 7, 16, 20) , and present results are in agreement with this observation (Table 3) . However, as pointed out in the introduction, there is a relative paucity of information as to the effects of active learning on indices of student performance, such as objective examinations. Furthermore, what information is available on this point is equivocal.
The present study was designed to determine whether students within a didactic lecture-based course, EP, who were given an active-learning opportunity, would perform better on objective examinations over EP material compared with their classroom peers who did not have the same active-learning experience. This was achieved by offering the EP students the option of taking a supplemental one-credithour discussion-based course, CSP. In two successive semesters, ϳ14% of the EP classes opted for the CSP course.
The main finding of the present study is that the CSP students did perform significantly better in EP examinations compared with their non-CSP peers (Table  2) . On the surface, these results seem to contradict those of other studies that suggest that active learning does not significantly improve scores on objective examinations. For example, medical students at several universities who went through a preclinical problem-based curricula did not score better on the NBME Part I examination compared with students from lecture-based curricula (1, 8, 10, 20) . However, in these studies, active-learning procedures (e.g., problembased learning) replaced the conventional lecture setting. In contrast, the results of the present study indicate that when active learning is used as a supplement to, rather than a replacement of, the didactic lecture, performance on objective examinations is improved ( Table 2 ).
The results of the present study are similar to those of Chu (5) who used in-class case studies to supplement didactic lectures in a course on epidemiology and biostatistics. He found a significant (P ϭ 0.01) increase in overall examination scores of the activelearning students. In other studies, Anderson (2) found a "shift to the left" in the grade distribution (i.e., more As and Bs) of a large-class environmental science course when the students were given supplemental active-learning experiences. Students at Sun Yat-sen University, People's Republic of China, who used self-directed learning to supplement lectures, scored the same or significantly higher on examinations in 15 different courses compared with their peers who did not participate in the lecture supplement (21).
It could be argued that the higher EP examination scores of the present CSP students were not related to any active learning on their part, but rather that their improvement was simply due to an additional hour of instruction per week. We were able to examine this possibility in a serendipitous manner during a recent semester for which it was not possible to divide the CSP class into small discussion groups because of scheduling problems. For this one semester, the CSP class was conducted in a large-group (20 students) format in which classroom discussion comprised only 20% of a students grade. Attendance and brief written assignments made up the remainder of the grading criteria. In essence, this class was more like a 1-h review session than a problem-discussion class. The results of this one semester experience showed no significant difference in EP examination scores between the CSP and non-CSP students (77.7% vs. 75.9%; P Ͼ 0.56). Although these results are preliminary, they clearly suggest that active participation, above occasional discussion and providing brief written answers to problems, is necessary for students to significantly benefit from a supplemental class experience such as CSP. In this context, active participation on the part of students seems to be the common factor in other supplemental procedures that have been shown to assist in learning (2, 5, 21) .
Because the students in the CSP course were self selected, it could be argued that their higher examination scores in EP reflected motivation factors unrelated to the supplemental course. However, the categorization of student groups in accordance to those that elected to do extra-credit assignments in EP should have, at least in part, equalized motivational factors between the CSP ( Table 2 , row 1) and non-CSP ( Table 2 , row 2) students. Furthermore, a previous study (10) showed no significant difference in scores on a standardized objective examination between students who were randomized into an activelearning curriculum and students who self selected this curriculum. Finally on this point, the present CSP students perceived that this course did help them to understand physiology (Table 3) . So, whereas motivation may have played some role in the higher examination scores of the CSP students, it is unlikely that this was the determining factor.
From the results of the present study, vis-a-vis other evidence in the literature, we conclude that information recall on course examinations in elementary physiology is enhanced when active learning is used in addition to, as opposed to in lieu of, didactic lectures. Accordingly, we recommend that physiology instructors who use the didactic-lecture method as their mainstay of information delivery consider supplementing lectures with one or more activelearning methods designed for the large class setting (2, 4, 5, 7, 11, 13, 16, 18, 21) .
